UNCLASSIFIED

AD NUMBER

AD871282

NEW LIMITATION CHANGE

TO

Approved for public release, distribution
unlimited

FROM

Distribution authorized to U.S. Gov't.
agencies and their contractors;
Administrative/Operational Use; APR 1965.
Other requests shall be referred to Army
Office of Civil Defense, Washington, DC.

AUTHORITY

OCD, d/a, 1ltr, 1 Nov 1971

THIS PAGE IS UNCLASSIFIED




Ks
s 'z ) ) P
M « f}:_.’.»C‘ R e i = T
.

NATIONAL BUREAU OF STANDARDS REPORT
8663

MATHEMATICAL. AN ~1S Or TZMPERATURE RISE
IN THE
HSAT CONDUCTION KEGION OF AN UNDERGROUND SHELTER

by
¥, J. Jerome Drapeau and Neil V. Baggette

AD S$77/2%2

¥

-+frepared for
Office of Civil Defense
Department of the Army

under
Contract No. CCD-0S-62-44,, i
Subtask 1211A '

. S. DEPARTMENT OF COMMERCE

NATIONAL BUREAU OF STANDARDS
}
0 BEST AVAILABLE COPY , | ,};’ Jorn



s -

'THE NATIONAL BUREAU OF ST s

The Nationa! Bureau of Standards is & principal focal point in the Federal Government for sseuring -
maximum ?piicazion of the phyaieal ‘ndp anginecring sciences to the sivancement of ne in
i~dustry and cormmerce. Its responsibilities inciude development and méintenance of the nations! stand-
ards of measurement, and the provisions of medns for making messurements consistent with thoss
standerds; determinstion of physical constan- nd properties of materials; development of metheds
for testing materials, mochanisma, and structures, and making such tests as may be necessary, patticu-
iurly for government n%uscies; ccoperation in the establishment of standard practices for intorpora-
tion in codss and specificstions; advisory service to government sgencies on scientific and technicsi
problems; invention and development of devices to serve special needs of the Government; casistance
to industry, business, and consumers in the development and acceptance of commercizl standavrds and
© simplified trade practice recommendations; sdministration of programs in cooperation with United
States business groups and standards orpanizations for the development of international standzrds of
cractice; and maintenance of a clearinghouse for the collection and dissemination of scientific, tech-
aival, and engincering information. The scope of the Bureau's sctivities is suggested in the fellowing
tizting of ita four Institutes and their organizationel units.
institate for Basic Standards. Applied Mathemstics. Electricitl. Metrology. Mechanics. Heat.

Atomic Physica. Phyzica! Chemistry. ratory Astrophysics.> Radiation Physics. Radio Standards
Leboratory:* Redio Stzndards Physics; Radio Standards Engineering. Office of Standard Reforence

Dats.
Insiitute for Msierials Research. Anaam:m Chemistry. Poiymers. Metallurgy. Inorgsnic Mate.
rials. Reactor Radiations. Cryogenics.* Materials Evaluation Laboratory. Office of Standard Refer-
ence Materials.
{nstitute for Applied Technology. Building Research. informrtion Technology. Performance Teat
Development. Electronic Instrumentation. Textile and Apparei Technology Center. Technical Analysis.
Office of Waights and Measures. Office of Engineering Standarde. Oface of Invention and Innovstion.
Dfice of Technical Resources. Clearinghouse for Federal Scientific and Technical Information.®*
Central Radio Propagation Laboratery.® Ilonospheric Telecommunications. Tropospheric Tele-
communications. Space Environment Forecasting. Aeronomv.

* Located at Brulder, Loloradn 8030i.

55§ oosted at 5285 Port Royal Road, Springfeld, Virgnia 22171 g

DDG AVAILABILITY

Jualified requestors may obtain copies of this report from
Defense Documentation Center, Cameron Station, Alexandria, Va.

DDC release to the Federal Clearinghouse is not authorized.

BEST AVAILABLE COPY



TR A TONY (T

iy
]
»

Jn
;i
R T

.
2t it

%yt e o
s
WA

éh
%
Sy

¢ Sheiter Research 1200 -
% Shelter Environmental
ol Studies, Subtask 1211A -
¥ Thermal Equilibrium
: Studies
SUMMAPY
. OF
: RESEARCH REPORT
MATHEMATICAL ANALYSIS OF TEMPERATURE RISE
IN THE

HEAT CONDUCTION REGION OF AN UNDERGROUND SHELTER

This le a summary of a report which has been re-

viewed in the Office of Clvil Defense and approved
: for publieation. Approval does not signify that
& the contents necessarily reflect the views and
: policles of the Offlce of Clvil Defense,

CONTRACT NO. OCD-0S-62-44
NATIONAL BUREAU OF STANDARDS
WASHINGTON, D.C.
Summary prepared
by NBS

e 4 }Y' R,




- .- w—‘nmwmmg% B i

Objectives
In February 1959, a study was begun at the National

Bureau nof Standards to determine the thermal characteristics

of an undergroun. concrete shelt-r with simulated occupancy.

Experimentai studies lndicatéd that theoretlcal approsches
were desirsble in order to provid:s methods for predicting
environmental conditlions in shelters of any size, shape,
occupancy, thermal properties, and amblent conditions.

This would reduce the need for exhaustivs testing under an

empirical approach. Tests in a few representative shelters

could then be used to verify the applicebility of those
methods.
Scope

The report deals with only part of an analytical
approach, confined to the mathematical soclution of the
problem of transient heat conduction in shelter models
characterized by simplified geometrical configurations
and a constant heat flux applied at the interior btoundary
of the heat conducticn region. It does not include the
parameters of ventilation and occupancy, or the mechanisms
of transfer from these sources to the interior surfaces.
This division of the problem had the important adwantage
cf 1solating existing sources of error tc those lying in
the heaf conductlon region, and provided & means of study-

ing the heat conduction aspects separately.
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Types or Solutions
The six machematical solutions contained in the

report are based on the three models described below.

A. One-dimensional

The shelter 1ls separated into sixz'regions, five of
which (walls and flour) are individually considered to
be layers of infinite thickness and infinite surface
area. Constant heat flux 1s applied over the entire
surface. Hach region is considered o be elthsr a
single liomogeneous mass of earth, or a composite of
concrete and earth. The initial temperature may be
elither uniforr or non-uniform. Four solutions are
based on this model, and these solutions are not appli-
carle to the finlte (rouf) region. This regicn 1is nct
treated in the regort.

B. Spberical

The shelter 1s represented by a spherical cavity in
an infinite homogeneous medium with constant heat flux
epplied over the surface of the cavity. The initial tem-

perature 1s uniform.

C. Cylindrical
The shelter is represented by an infinitely long cylin-

drical -avity in an infinite homogeneous medium with constant
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heat flux applied over the surface of the cavity. The
initial temperature is uniform.
Solutions based on Models B and C are applicable to
the entire shelter only, snd not to individusl surfaces.
Interior surface temperatures predicted by each

sclution are cempared with those obtained experimentally

in the NBS test shelter series.

Begults
The solutions in the report wsre chosen in order to
study the baslc parameters lisied below.
1) geometry
2) composition of region
3) initisl temperature distriiution
4) thermal properties
Comparison with NBS tes*t data ind- the following
conclusions:
1) geometry
For small shelters, the cylindrical model gives generally
good predictions, and provides a rough design formula for
these cases in which an estimate of the hest flux is
avallable. One-dimensionai models would be mors suitable

for larger shelters, and the spherical model for deeper

shelters.
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2) composition of reglon
The importance of the composite assumption depends upon
wall thickness and the degree of dissimilarity of thermal
properties of walls and earth. For shelters of construc-
tion similar to that described, it should not be neglected.

3) 1nitilal temperature
Initial temperature non-uniformities in the heat conduction
region affect the shelter temperature appreciably only during
the first week. Therefore the initial temperature may be
treated as uniform, unless the first week 1s of comparable
importance to the second, e. g. in very hot climates.

4) thermal properties )
The values of thermal properties have an important bearing
on the shelter temperature. Curves showing the predictions
for several sets of properties are shown in the report, for
each solution. Variations in earth thermal properties due
to mcisture migration are probably rot large under the con-

ditions of a typical shelter occupancy period.
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MATHEMATICAL ANALYS1S OF TEMPERATURE RISE
IN THE HEAT CONDUCTION REGION
OF AN UNDERGROUND SHELTER

by
F, J., Jerome Drapeau and Nell V, Baggette

ABSTRACT

Six analytic solutions of the heat conductlon equation
to predict intericr surface temperatures in an underground
concrete shelter are presented in this report. ¥Four solu-
tions employ one-dimensional, seml-infinite geometry and
are applied to the wall and floor heat conduction regions
of the small NBS test sheiter. These solutions are not
applicable to the roof region. Two solutions use spherical
and cylindrical geometry, respectively, and are applied to
the entire shelter. These sclutions are not applicable to
individual surfaces. The one-dimensional solutlions were
used primarily t¢ cxamine the lmportance of the initvial
temperature distribution, the composite nature of the heat
¢ nduction regions, and in conjunction with the other two
solutions, the geometry of the model. Surface temperature
predictions for selected surfaces, together with the
observed performance, are presented for the one-dimenslonal
solutions in tabular and/or graphical form, covering a range
of assumed thermal properties. Similar resuits are pre-
sented for the spherical and cylindrilcal solutiong in
graphical form, for two sets of thermal properties and two
values of equivalent shelter radius. The results show that
the one-dimensional solutions give high predictions, the
spherical solution low predictions, and the cylindrical
solution generally good agreement with observed performance
of the NBS test shelter.

-l-

- om—— . 'mhr'ﬂ-\—r

4 A ot bt ot 4 4 e

et b 3 STAn ot




b et - - L .

VA S e ey

5 Y T i £ DB T

1. INTRODUCTION
1.1 Objectivss

In Feoruary 1959, a study was begun to determine the
thermal characteristics of a famjly-size underground con-
crete shelter witn simulated cccupancy.

The first phase of this study was experimental, with
the objective of obtaining performance data on the environ-
mental factors of temperature, humidity, ventilation, and
nheat exchange 1ln an underground installation of this type
during fourteen-day periods of occupancy in summer and
winter. This objective was accomplished and the results
[17* reported in March 1961.

The schedule of test conditione from which the NBS
performance data were obtained is presented in the follow-
ing teble. This report will compare analytical predictions
of shelter surface temperatures with e¢xperimental data from
NB3 Tests 3, 4, and 5 only,

TABLE 1.1,1

SCHRDULE OF NBS TEST CONDITICNS [1]

Ventilation Air

NBS Test Dste at Duration Internal Flow Avg. Dry Dew Point
Number Start of Tegt  Hant Input Rate Bulb Temp. Temp.

uy-da-ye deys Btu/hr cm
1 8~13-39 7 110 42 85 69
2 8-28-59 7 2500 0 .- .-
3 9.13-59 14 2500 42 85 69
4 10-6-59 % 2500 18 85 69
5 3-25~60C % 2500 18 35 33

* Figures in brackets indicate literature references at
the end of this report.
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, The experimental phage indicated that theoretical

' approaches were desirable in order to provide methods for
predizting environmental conditions in a shelter of any
size or shape under various ambient conditions, and thus
to reduce the need for exhaustive testing under an empiri-
cal approach. Tests in a few representative shelters
could then be used to verify the applicabllity of those
methods. One such approach was to develop mathematigsal
equations which would predict air temperature and relative
humidity inside shelters characterized by the following
known parametsrs:

a) initial earth temperatures

b) thermal properties of earth and wall
materials

¢) construction detail
d) shape and size

e) weather conditions

f) ventilatlion rate

g) internal heat sources

This objective would algo include a comparison of the
theoretically predicted results with the performance data
obtained in the experimental phase, and wilth any other
data on shelters, when available.

When these equations were adequately substantiated by
experiment for sufficient ranges of the above-listed para-

- meters, they would be used to develop a design manual,
: 1nc1uding extrapolated ranges.

1.2 Scope

The scope of this report was confined to the presenta-
tion of mathematical solutions to the problem of transient
heat conduction in a certain class of shelter models, and
a conparison of predicted shelter temperatures with ob-
served temperatures in the NBS test series [1]. The class
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of models considered were those characterized by a single i
space variable (linear distance, spherical radius, or U
cylindrical radius), and a constant heat flux applied at

the interior boundary of the heat conductlon region.

3
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This report, then, deals with only part of the whole
problem--the heat conduction region, and all solutions
begin at the interior boundary. They do not include the
parameters of heat generation and ventilating air inside
the sheiter, the mechanisms of transfer from these sources
to the surfaces by convection, radiation, condensation,
and evaporation, or weather conditlons above the shelter.
However, experience with prototype shelters has shown that
wall surface temperature 1s a good index of effective air
temperature, especially in small shelters, where they are
about equal.

This division of the problem was possible because the
rate of hea{ flow to all of the interior surfaces as a func-
tion of time determined experimentally during each test on
the shelter 'studied at the National Bureau of Standards.
This method had the obvious and important advantage of
isolating existing sources of error to those lying in the
heat conduction region. Poor agreement between observed
and predicted results could not be attributed to poor
assumptions associated with the parameters of heat genera-
tio? or the coefficlents of heat transfer from air to
surface.

In summary, therefore, this first attempt at obtaining
mathematical solutions to an inherently complicated problem
was simplified by dealing with avallable data measured at
the boundary, instead of undetermined heat exchange pro-
cesses 1inside the shelter. It provided a means of studyling
some of the heat conduction aspects of this problem, such
as the importance of a prescribed initial temperature dis-
tribution in the region and the effects of the thermal and
physical properties of the materials comprising the reglon.
It also provided a means of determining the appllcabllity
of the linear heat flow theo (i.e. temperature and posi-
tion independent coefficients), to a problem of this kind.
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1.3 Types of Solutlons

Four solutions contalned in this report were based
on the one-dimensional model. In this model, the heat
conductlon reglon exterlor to the wall and floor bound-
aries of the rectangular parallelepiped cavity was rep-
resented by a layer of infinite talckress and infinite
surface area. Each veglon was considered to be either
a single homogeneous layer of wzarth or a composite of
conexete and earth. The heat flux was presumed to be
apprilied unirormly over the entire surface so that heat
flowed in only one directicn, normal to each plane sur-
face. The finlte (roof) region 1s not treated in this
report.

An infinitely thick layer, such as described above,
is called a semi~infinlte region. This denotes a reglon
bounded on one side only, o $ x <«in the homogeneous case,
or = g s X < 0 and o < X <» in the composite case.

One solatlion was tased on the spherical model in which
the heat conduction reglon was represented by an infinite,
homogeneous mass of earth bounded internally by a spherical
cavity of radius a. The heat flux was presumed to be
applied uniformly over the entire surface so that heat
flowed radially in all directions.

in the cylindricsl solution, the Leat conduction
region was also represented by an int'inite; homougeneous
earth medium, bounded internally by an infinitely long
cylindrical cavity of radiis a. The heat . flux was presumed
to be applied uniformly over the entire surface so that
heat flowed only radially to the cylinder.

The assumptlon of uniform heat flux application over
the entlre surface of each model permitted the mathematical
treatment of the Cartesian (x, ¥, z) model, the spherical
(r, 6, #) model, and the cylindrical (r, 5, z) model as
simple models of only one (x or r) space variable.

Each mathematical model repres=znts a simplification
of the actual physlcal shelter, and the effects of this
simplification will be discussed later in the report.
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2. SUMMARY OF PROBLEMS

Six mathematical solutions tec study temperature
predictions in an underground shelter, as determined by
heat conduction into the surrounding wall and floor regions,
are presented In this report. The boundary conditions and
assumptions for each of the heat transfer models are summar-
l1zed for each solution. The initlal temperature distribu-
tion and the heat conduction model are shown diagrammatically

for each summary.

SOLUTION I — One-dimensional, homogeneous, semi-infinite
heat conductlon region; uniform initial temperature; constant
heat flux across the surface.

This solution was used as a first approximation to pre-
dict NBS shelter performance.
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SOLUTION II -~ Spherical cavity bounded by an infinite,
homogeneous heat conduction region; uniform initial tempera-
ture; constant heat flux across the surface,

This solution was used as a second approximation to
predict performance.
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SOLUTION III — Infinitely long cylindrical cavity
bounded by an infinite, homogeneous heat conduction region;
uniform initial temperature; constant heat flux across the
surface.

This solution was used as a third approximation to pre-
dict performance.
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SOLUTION IV — One-dimensional, composite, semi-infinite
heat conduction region; uniform inifial temperature;
constant heat flux across the surface.

This solution was used to observe the effect of the
composite region assumption.
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SOLUTION V — One-dimensional. composite, semi-infinlte
heat conduction region; prescribed initial temperature;

H
’ § constant heat flux across the surface. t
v
! This solution was derived on the basis of a prescribed :
. initial temperature distribution, and used toc observe the g

f effect of such a distribution.
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SOLUTION VI — One-dimensional, composite, semi-infinite o
heat conduction region; prescribed initial temperature; !
constant heat flux across the surface. i
This solution is similar to the preceding solution,
differing only in the mathematical expression for initial
temperature distribution in the earth conduction region.
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‘ 3. EYALUATION OF EXPERIMENTAL
: PARAMETER DATA

| The purpose of this analysis was not only %o develop
mathematical sclutions, but also to extract results from
those golutions for comparison with experimental

8 obgervations. For thls reason, it was necessary to

; e3tablish numerical values for the gseveral parameters
appearing in eachn solution. This ssction deals with

3 the selection of these values for each of the following
paramaters, namely

T S R S e T A P e T e e T A P TR R T B R I T
)
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]

1) sverage initial temperature

i aigiiads Sl
-

2) propertiee of concrete

i

)E 3) properties of earth
4) heat flux.
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3.1 Average Initlal Temperature

Solutions I threough IV were based on the assumption that
the 1nitlal temperature distribution throughout each region
was constant {or zero for methematical convenience). There-~
fore, a single value of temperature had to be used for
computing numerical resuits,

Since the inltial temperature distribution for all
reglons deviated to some extent from a constant value over
the domain in question (see Appendix A), the average initial
temperature u, was calculated for each composite region on
the basis of 8he following heat balance:

X1 8101 (ug=y1 ) = XpPpea(ugs-ug) (1)
where the subscripts 1 and 2 denote conerete and earth,

Ugy and uge were calculated by graphically evaluating
the integrals

1 o
Uy, = == u{x)dx (2)
Xy
-Xl
1 [ %
and Yoz = %5 u(xjdx 3

(%)

using the interface as the reference point, The functions
u{x) are the initial temperature profiles shown in Appendix A.

The values of average inltlial temperature obtained by
this method are listed in Table 3.1,1l.

It will be noted in the grapns for Solutions I and
IV that the origins of the observed temperature curves
shows in Sections 4 through 7 are not necessarily the
same a8 those of the predicted curves., This 1is because
the initial temperature of the cbserved curve is the
actual value at the Interior surface (see Appendix A),
whereas the initial temperature of any predicted curve
1s the average value shown in Table 3.1.1.
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! TABLE 3.1.1
COMPUTED INITIAL TEMPERATURES

1 } Average Region Temperature u,, °F
P NBS Heat Conduction Reglon
! ‘j Test
i s Number | North West South _ East Roof  Floor
% ; ; 1 70.8 68.7 69.6 70.1 72.2 64.2
] : 2 7l.2 69.3 69.5 71.0  72.7 64,5
E i 3 71.7  69.7 68.3 71.0 67.5  64.8
3 ? 4 68.7 67.7 67.9 68.0 66.8 64.7
g 5 43.9 454 45,0 440 42,8 50.5

o 3.2 Properties of Concrete

b 5 Ak s

BRI A ARl

i The density of the shelter concrete was taken to be
{ 145 1b/ft®, This value was based on the total weight of
cement and aggregates, approximately 63,200 pounds, an
.. estimated water of hydration content of 2,400 pounés, and
j the purchased volume of 16.75 cubic yards.

ot I SR AR ol Wik $
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The specific heat of mass conerete varies but
little with the type of aggrezate and richiness of mix
and for practical purposes is usually taken zs a cons%ant
for a given concrete at about 0.22 Btu/lb=°F [2, p.585].

A mean valve of thermal conductivity was selected from
among several references [3,4,5,6] as 1.15 Btu/hr-ft-°F,
based on an estimated moisture content and a physical

composition fitting that of the shelter concrete described
above.

e g - e

The thermal diffusivity was determined from the

. K
‘ relation a,= -—t—-, the subseript (1) denoting concrete,
‘ PL €y
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and the computed value was 0.036 ft2*/hr. These values of
thermal properties were thought to be representative of
those in the NBS test shelter? and will henceforth be
referred to as the "preferred” concrete values.

The references consulted on this subject listed
widely divergent thermal property values for concrete in
the 140-155 1b/ft® density range. The values of specific
heat ranged from 0.156 to 0.230, thermal conductivities
from 0.50 to 1.35, and calculated thermal diffusivities
from C.016 to 0.046. As a result, minimum and meximum
values were also used for analytical predictions.

3.3 Properties of Earth

During the excavation process, representative samples
of earth were removed for density and moisture content
determinations. Three distinct earth strata were found
and the average values of density and moisture content
were determined to be approximately 100 1b/ft® and 17
percent.

A value of 0.17 Btu/lb-°F was selected as a repre-
sentative average specific heat for the three earth strata
in the dry state {7, p.33]. Since specific heat is known
to vary with moisture content, the selected value was
corrected for 17 percent mois%ure, giving a value of 0.29
Btu/1b-°F for specific heat of the moist earth [7, p.89].

A determination of the thermal diffusivity was made
from experimental data obtained during the NBS test
series. The solution of the heat conduction equation for
a one-dimensional, homogeneous, semi-infinite region with
a simple .periodic boundary condition at the surface yields
a convenient expression for determining the thermal diffu-
$3ivity, based on the time lag between the maxima of the
ground surface temperature wave and the corresponding wave
at any depth below the surface. (This phase-lag method is
more accurate than the temperature-amplitude method because
the values of amplitude are difficult to measure accu-~
rately [8]).

Zr -

i

sk i

R

I e A5 e




T T e U, P T | [N S A A R ST

b et

o

. ‘
[SPu——

T s et s e e s mah T—————— T 4 & e oo e PR

e ey e T

The expression is

where P = period, hours
x = depth of temperature measurement, feet
t = time lag between maxima, hours

Although temperatures were measured at several depths
in undisturbed earth near the shelter, only two were use-~
ful for this determination - those ma&e at the six-inch
and one-foot depths. Measurements made at the two-foot
depth exhibited no clearly deflned wave form, 1f any at
all. The amplitude of the dally cycle decreases rapidly
with depth and is almost completely damped out at the

two-foot depth [9]. For this reason, thermal
diffusivity determinations in deeper ground are extremely
diffilcult on a diurnal cyecle basis, and must be made on
averages of annwal cycles.

Amblient temperatures were used because ground surface
temperatures were not recorded. However, ambient and
ground surface temperature maxima occur in phase, for
practical purposes. It was observed that the temperature
maxima at the six-inch and one-foot depths, during three
early consecutive days of NBS Test 3, lagged the ambient
maxima by about 4 1/4 and 8 1/2 hours, respectively.

These phase-lags each indicate a thermal diffusivity of
0.026 ft2/nr.

A similar determlination was based on data obtained
during three late consecutive days of NBS Test 5, with
exactly the same phase-lags and results. No precipita-
tion had occurred for at least six weeks prior to the
start of or during NBS Test 3, whereas two feet of snow
had c;mpletely melted a few days before the start of NBS
Test 5.
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The thermal conductivity was determined from the :
same relation K, =0, c; ay, the subseript (2) denoting §
earth, and the computed value was 0.75 Btu/hr-ft-°F,

ey

E | These values of thermal properties are likely to
E | : be representative of at least the upper two-foot layer
E ¢ of earth surrounding the NBS experimental shelter, and
! possibly deeper. They wlll henceforth be referred to
i as the preferred earth values. However, 1n order to
¢ account for the likellhood of other values at greater

’ PRemm—
] L RPN |

-
o

depths, and changes occurring in the upper layer durling
the intervening times, minimum and maximum values were

again selected tc form a range which would account for

reasonable variations.

6 e
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3.4 Heat Flux

Although the term mconstant heat flux" is used
throughout the discussion of Solutions I to VI, inclu-
sive, the actual value of the heat flux F, was used for
each plotted value of time. The heat flux used for time
t was a cumulative average of heat flow meter readings,
averaged over the interval from o to t. This procedure
was intended to approximate, to some extent, the effect
of the observed exponential decay of the heat flux,
This 1s discussed more fully in Appendix B which also
contalns a table listing the cumulative average values
used in each solution.

The west and north wall regions were selected for
analysis and graphical presentation of the results because
they were consldered to be most and least closely approxi-
mated by the one-dimensional model. The reasons for these
selections will he discussed in greater detall in Section
10.5.
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Y, SOLUTION I
; 4.1 Statement of Problem

,i Seml-infinite homogeneous region. The heat flux F, is
o constant across the surface x = o. The initial temperature
is uniform.

4.2 Mathematical Summary

3 The differential equation to be satisfled by the
A temperature rise g 1s

' 30 M)
N = =a 33 X >0, t>¢ (1)

é "] with the following initial and boundary conditions:

| _x X >0 t=o0 8=o0 (2)
,

|

: X =0 t >0 -K.a.g =F, (3)
: ax

; X —3 00 t >0 6 ->» O (&)

The solutlon of the Laplace transformed equation is
.0 (
= qu exp -QX) (5)

and the inverse transformation ylelds the solution for
temperature rise

9:?2 -a—t.:]%e 3,:-2_ X X
K [n XP[-Lm]-zerfcz/af} (6

For an initial temperature u,, the temperature at any
distance x 1in the regilon 1is given by

u = ugt 9 (7)
At the interior surface x =o, Eg. %.2(6) reduces to

% -2z

K o (8)
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4.3 Assumptions

This solution [10, p. 75] was used as a first approxi- s §
mation for predicting shelter performance for all heat con- :
duction regions except the roof region.

The assumptions used in thls approximation are llsted
and discussed below.

1) geometry ~ one-dimensional model

The NBS shelter deviated from the one~dimensional
model discussed in Section 1.3 in that the shelter
surfaces were finite in area with the result that
the svlution, being one-dlmensional, could not
account for heat lost to the corner regions.
Zxcept for the floor, deviatlion from the one-
dimensional model was also caused by the addi-
tional boundary at the ground surface.

2) homogeneous heat conduction region

Since the region was considered to be homogeneous,
only one thermal conductivity and one thermal
diffusivity appear in the solution, i.e. both

the concrete and earth media are assumed to have
identical thermal properties. These properties
are assumed to be Inv